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Kinetics of Reduction of Ruthenium Hexaammine at Bismuth 
Electrodes in Aqueous Solution: Analysing the Potential  
Dependence of the Transfer Coefficient 
 A. S. Nomor,[a,b] and Dr B. R. Horrocks*[a] 
 
Abstract: The reduction of Ru(NH3)6
3+ at Bi electrodes in aqueous 
KCl is much slower than at Pt electrodes. Differential capacitance 
and ex-situ photoemission spectra indicate the presence of a thin 
oxide layer about 1.5 nm thick on the Bi surface near the formal 
potential of -0.217 V vs Ag/AgCl/1 M KCl(aq). Despite the presence 
of this oxide, reproducible impedance spectra near the formal 
potential were obtained for Ru(NH3)6
3+ that could be analysed using 
a Randles circuit modified to incorporate a constant phase element. 
The value of standard rate constant was 1.47 ± 0.44 × 10-3 cm s-1. 
Under the same conditions, impedance spectra for Pt/ Ru(NH3)6
3+ 
were reversible up to the highest frequencies (105 Hz) employed. 
The charge transfer resistance -- dc potential curves obtained from 
the impedance spectra were fitted by a regression model which 
contained no a priori assumption about the potential dependence of 
the transfer coefficient except piecewise linearity. The measured 
transfer coefficients show clear evidence of diffuse layer effects, but 
in addition an increase in transfer coefficient at the most negative 
potentials studied was observed and interpreted in terms of the 
reduction and thinning of the anodic oxide. 
Introduction 
Bi bulk [1, 2, 3] and film [4, 5, 6] electrodes have been 
investigated as alternatives to Hg and noble metal electrodes for 
electroanalytical applications. Stripping voltammetry at Bi 
electrodes has been reviewed [7]. The favourable characteristics 
of Bi compared to other solid metal electrodes include a low 
melting point (271 oC) and expansion upon freezing, which 
facilitates electrode fabrication, and a lower cost than noble 
metals. Bi also has lower toxicity than Hg. Bi electrodes are also 
of interest for fundamental studies of heterogeneous electron 
transfer because of the unusual electronic properties of Bi. In 
particular, the electronic properties of bulk Bi are those of a 
semi-metal with a low carrier density (order of 3 × 1017 cm-3 [8, 
9]) compared to Pt, Au or Hg. Electron transfer at materials with 
low densities of states is of current interest because of attempts 
to test the adiabaticity of outer-sphere electrode reactions. In the 
nonadiabatic case the reaction rate should depend on the 
density of states at the Fermi energy and in the adiabatic case  
 
 
the rate should be independent of the density of states [10]. 
Graphite, especially highly oriented pyrolitic graphite (HOPG), is 
also a semi-metal and is the subject of fundamental 
investigations in heterogeneous electron transfer kinetics [11, 
12, 13]. However, graphite has a layer structure with weak inter-
layer interactions and experiments are complicated by issues 
related to the possibility for greatly varying rates between the 
step edges and the basal plane which remains a subject of 
debate in the literature [14, 15, 16, 17, 18]. Experimental 
techniques based on the use of ultramicroelectrodes to isolate 
defect-free portions of the basal-plane have been applied [14] 
and the area has been reviewed [19, 20]. 
Bi has a rhombohedral lattice and cleaves readily, but the 
bonding is not as anisotropic as in HOPG and therefore 
electrode kinetics at Bi are not subject to the same 
complications as at graphite. A detailed study of the electrode 
kinetics for the reduction of Co(NH3)63+ at Bi in aqueous solution, 
including a comparison of the rates at different Bi crystal faces 
has been reported [21]. The potentials of zero charge were 
found to be in the range -0.65V – -0.68V (SCE) in 0.1 M HClO4 
for the different crystal faces. The rate constants for electron 
transfer were corrected for double-layer effects and found to be 
very different to those at Au single crystals, but this was 
interpreted in terms of inner layer effects. Recently the electron 
transfer kinetics of a series of viologen derivatives at 
polycrystalline Bi in acetonitrile electrolytes have been studied 
and compared to the data at Pt electrodes [22]. Only rather 
small differences in the standard rate constants after Frumkin 
correction were observed, but it should be noted that the diffuse 
layer effects were large in the non-aqueous electrolyte.  
In this work we study the reduction of Ru(NH3)63+ at Bi 
electrodes in aqueous KCl electrolytes. The Ru(NH3)63+/2+ couple 
has been widely used for fundamental studies of heterogeneous 
electron transfer as a typical example of an outer sphere 
reaction relatively uncomplicated by adsorption or coupled 
chemical processes [23, 24, 25]. Despite the fact that the formal 
potential lies in a region where Bi is partially oxidised, we show 
that electrochemical impedance spectroscopy provides precise 
electron transfer resistance data as a function of the dc 
potential. Fitting a nonlinear regression model to the potential 
dependence of the charge transfer resistance allowed estimation 
of the transfer coefficient at each dc electrode potential without 
making any assumption about the inherent potential 
dependence of the transfer coefficient. Finally, we analyse the 
measured potential dependence of the transfer coefficient in 
terms of the classical Frumkin correction and the effect of the 
anodic oxide. 
Results and Discussion 
Cyclic voltammograms of Ru(NH3)63+ at Pt electrodes in 
aqueous KCl under Ar showed uncomplicated one-electron 
behaviour with a formal potential of -0.217 V vs Ag/AgCl (1M 
KCl(aq)) (Fig. Error! Reference source not found.a.). At Bi 
electrodes, the voltammogram is very similar and can be 
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superimposed on the Pt voltammogram, though a small 
additional current at more positive potentials can be seen in Fig. 
1a. We attribute the extra anodic current to oxidation of the Bi 
surface. The peak current at Bi electrodes varied approximately 
linearly with scan rate (Fig. Error! Reference source not 
found.b) and the anodic and cathodic peak currents were equal. 
The peak separation is slightly greater than expected for a 
reversible one-electron process (about 80 mV at 50 mV s-1; Fig. 
Error! Reference source not found.). The behaviour is that of 
a reversible system with some influence of uncompensated 
solution resistance. Slow scan cyclic voltammetry is not a 
suitable method for investigating the electrode kinetics, but it is 
an important check on the nature of the redox process; it 
demonstrates that adsorption and coupled chemical processes 
do not affect the measured currents. Fig. Error! Reference 
source not found. shows the variation of cathodic peak 
potential and the peak separation with scan rate. Above about 
200 mV s-1 the cathodic peak potential starts to change to more 
negative values. This suggests that electrode kinetic limitations 
become important at these scan rates, however at the 
millimetre–size electrodes employed, uncompensated resistance 
effects will also contribute. 
  
Figure 1. Cyclic voltammograms at Pt (blue) and Bi (orange) electrodes of 
Ru(NH3)6Cl3 in 0.1 M KCl(aq). (a) The scan rate was 50 mV s-1, [Ru(NH3)6Cl3] 
= 10 mM and the reference electrode was Ag/AgCl in 1M KCl(aq). (b) 
Cathodic peak current (absolute value) against square root of scan rate for 2 
mM Ru(NH3)6Cl3 in 0.1 M KCl(aq) at a Bi electrode. 
 
Figure 2. Slow scan cyclic voltammetric peak potential data for 2 mM 
Ru(NH3)6Cl3 in 0.1 M KCl(aq) at a Bi electrode. (a) Cathodic peak potential Epc 
against ln(scan rate, ν) and (b) Peak separation Epa - Epc against ln(scan rate, 
ν). 
We chose impedance spectroscopy to evaluate the kinetics 
because the electrochemistry of the redox couple was observed 
to be stable (no adsorption or fouling effects) over the times 
required to collect a complete spectrum at each dc potential 
chosen. When this is possible, impedance spectroscopy can 
produce higher precision data than large amplitude techniques 
because the estimation of uncompensated resistance and 
double layer charging contributions is straightforward and the 
integration of the signal over many cycles of the ac perturbation 
improves the signal-to-noise ratio. Large amplitude techniques 
such as fast scan voltammetry may be preferred in other cases 
where the reduction product slowly fouls the electrode and the 
electrode potential cannot be poised near the formal potential 
except for very short times [22].  
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Figure 3. Nyquist plot of the impedance spectrum at a Bi electrode (symbols) 
and complex least squares fit (solid line) of the modified Randles circuit. The 
electrolyte contained 2 mM Ru(NH3)6Cl3 in 0.1 M KCl(aq). Applied dc potential 
= -0.21 V vs Ag/AgCl (1M KCl). Frequency range 101 – 105 Hz. Statistical 
uncertainties on the values of RCT obtained from the fit were about 0.2%. 
 
The Ru(NH3)63+/2+ redox couple has fast electrode kinetics at Pt 
and we observed reversible behaviour – only a Warburg 
impedance – at frequencies up to the maximum of 105 Hz. 
However, the impedance spectra at Bi showed clear evidence of 
charge-transfer limitations. A typical impedance spectrum for 2 
mM Ru(NH3)63+ in 0.1 M KCl(aq) at a Bi electrode is shown in 
Fig. 3. Although bulk Bi has a much lower density of states than 
Pt, we have previously observed comparable rates for electron 
transfer to a series of viologen derivatives from Pt and Bi 
electrodes in acetonitrile after application of the Frumkin 
correction [22]. Differential capacitance measurements indicated 
that the density of states at the Bi surface is greater than in bulk 
Bi and closer to that of Pt. It is also possible that the electron 
transfer process is in the adiabatic regime where the density of 
states effect is absent [10]. The large difference observed 
between Pt and Bi in the present case therefore suggests an 
additional barrier to electron transfer at Bi is present for aqueous 
electrolytes; we ascribe the origin of this barrier to the formation 
of a thin anodic film at Bi and provide some evidence for it using 
ex-situ X-ray photoelectron spectroscopy and differential 
capacitance measurements below. 
In all cases reported, the impedance spectrum at Bi was 
well-fitted by the model represented by a Randles equivalent 
circuit, but allowing for constant-phase behaviour of the interface 
instead of a pure capacitance. The constant phase element 
(CPE) has an impedance given by equation (1): 
𝑍𝐶𝑃𝐸 =
1
(𝑖𝜔)𝑛𝑄
 (1) 
In the case n = 1, the impedance of the CPE reduces to that 
of a simple capacitor and the equivalent circuit reduces to the 
original Randles model. For an electrolyte comprising between 2 
- 10 mM Ru(NH3)6Cl3 and 0.1 M KCl(aq) we found 0.87 < n < 
0.90 and n was independent of potential over the range −0.37V 
< E < −0.11V which spans the formal potential of -0.217V. The 
Bi/KCl(aq) interface therefore approximates a capacitor quite 
closely.  
 
 
Figure 4. 𝑅𝐶𝑇
−1 against [Ru(NH3)6Cl3] in 0.1 M KCl(aq). The values of charge 
transfer resistance plotted are those at a dc potential equal to the formal 
potential. 
Fig. 4 shows the dependence of charge transfer resistance RCT 
at the formal potential on the concentration of Ru(NH3)6Cl3. The 
expected linearity is roughly observed; this rules out possible 
complications in the data arising from a rate determining step in 
which electrons are transferred to a surface state in an anodic 
film rather than directly to the Ru(NH3)63+ ions. Some scatter 
about the line is observed, which we interpret as arising from 
small changes in the condition of the electrode as it was 
emersed from one solution, washed and immersed in the next 
solution. This scatter is not observed when we record charge 
transfer resistance as a function of potential in the same solution 
and we therefore analyse the potential dependence of RCT in 2 
mM Ru(NH3)63+ in more detail. 
Fig. 5 shows typical plots of charge transfer resistance RCT 
against the dc potential E and three different regression models. 
Values of RCT were extracted from the fit of the modified Randles 
equivalent circuit to the data. The plots show the characteristic 
U–shape produced by two factors: the increase in 
heterogeneous rate constant with increasing overpotential and 
the decrease in surface concentration of the reactant with 
overpotential. However, it can clearly be seen that the data is 
not precisely symmetric about the minimum as it would be for a 
constant value of transfer coefficient α = 0.5. In fact, the data 
cannot be fitted satisfactorily by any constant value of the 
transfer coefficient (Fig. 5a, regression model appropriate to 
standard Butler-Volmer theory with α = 0.597) nor by a linear 
variation of transfer coefficient with potential (Fig. 5b, regression 
model appropriate to Marcus-Hush theory and α = 0.649 + 
0.213E). In both cases (Figs. 5a and 5b) there are small, but 
systematic deviations of the fits from the data and the square 
roots of the sum of squared residuals, 𝑆𝑆𝑅 =
√∑(𝑅𝑖
𝑒𝑥𝑝𝑡 − 𝑅𝑖
𝑡ℎ𝑒𝑜𝑟𝑦)
2
, are of the order of kΩ. The fit shown in 
Fig. 5c is much superior (by a factor of × 106); the SSR is of 
order mΩ. The regression model of Fig. 5c makes no a priori 
assumption regarding the potential dependence of the transfer 
coefficient, except that it is regular in a sense described below. 
Instead, we obtain the potential dependence (shown in Fig. 6) 
directly from the regression and then interpret it in terms of the 
properties of the Bi/KCl(aq) interface. 
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Figure 5. Charge transfer resistance against dc potential at a Bi electrode with 
2 mM Ru(NH3)63+ in 0.1 M KCl(aq). The difference between data and fit 
measured as 𝑆𝑆𝑅 = √∑(𝑅𝑖
𝑒𝑥𝑝𝑡
− 𝑅𝑖
𝑡ℎ𝑒𝑜𝑟𝑦
)
2
 was (a) SSR = 3.4 kΩ; (b) SSR = 
2.6 kΩ and (c) SSR = 2.7 mΩ. The RCT versus E data was obtained using the 
instrument software to record a sequence of impedance spectra at different 
values of E automatically and we find a statistical uncertainly of about 0.2% on 
each value of RCT. 
Below we develop the equations for charge transfer 
resistance for an arbitrary potential-dependence of the transfer 
coefficient and show that the observed potential-dependence 
can be interpreted in terms of a combination of two effects: the 
double-layer effect on the charge transfer coefficient predicted 
by the Frumkin correction and the presence of a thin anodic film 
which is reduced at sufficiently negative potentials.  
We consider a one-electron outer sphere redox couple: 
𝑂𝑧+ + 𝑒− ⇌ 𝑅(𝑧−1)+ (2) 
In our experiments, the bulk O concentration is C* and the 
bulk R concentration is zero. In order to make the notation we 
use for the transfer coefficients clear, we quote the well-known 
Butler-Volmer equation in the form: 
𝑖
𝐹𝐴
= 𝑘0[𝐶𝑂𝑒
−𝛼𝑓(𝐸−𝐸0′) − 𝐶𝑅𝑒
(1−𝛼)𝑓(𝐸−𝐸0′)] (3) 
where f = F/RT and CO and CR are the concentrations of the 
oxidised (O) and reduced (R) forms of the couple at the outer 
Helmholtz plane – assumed in the standard treatment of double-
layer effects to also be the plane at which electron transfer 
occurs. The values of CO and CR are fixed by the dc potential 
and change according to the Nernst equation. 
The Butler-Volmer equation can be rewritten in terms of the 
deviation from equilibrium (overpotential, η): 
𝑖
𝑖0
= 𝑒−𝛼𝑓𝜂 − 𝑒(1−𝛼)𝑓𝜂 (4) 
Finally, the charge-transfer resistance is obtained from the 
slope of the Butler Volmer equation (4) at the origin as |
𝜕𝐸
𝜕𝑖
|
𝜂=0
=
𝑅𝐶𝑇 =
1
𝑓𝑖0
 and CO and CR are related by the Nernst equation to 
the bulk O concentration, C*. 
𝑅𝐶𝑇 =
𝑅𝑇
𝐹2𝐴𝑘0𝐶∗
1+𝑒𝑓(𝐸−𝐸
𝑜′)
𝑒(1−𝛼)𝑓(𝐸−𝐸
𝑜′)
 (5) 
This derivation is quite standard [26], but it is repeated here 
to illustrate that it does not make any assumption about the 
potential-dependence of the transfer coefficient, because the 
derivative is evaluated at η = 0. A potential-dependent transfer 
coefficient can be simply accommodated by writing α(E) in the 
final expression for RCT given in equation (5). 
The formal potential was estimated from slow scan cyclic 
voltammetry at Pt and Bi as -0.217 V. Equation (5) was then 
fitted to the charge transfer resistance data as a function of dc 
potential using a least squares method in which k0 and the 
values of i at each dc potential Ei were floated. This procedure 
includes too many floated parameters to be carried out directly. 
We therefore employed a regularization to avoid the appearance 
of badly-behaved terms of the form: 
𝛼(𝐸) ∝
𝐸−𝐸𝑜′
(𝐸−𝐸𝑜′)2+𝜀2
 (6) 
ε is a small constant. These terms are associated with 
arbitrary constant factors multiplying the effective value of k0. 
The regularization chosen was to minimize simultaneously the 
sum of squares of the second order finite differences2α(E), i.e., 
to bias α(E) to functions that are piecewise linear. 
𝑚𝑖𝑛 (∑(𝑅𝐶𝑇,𝑖
𝑒𝑥𝑝𝑡 − 𝑅𝐶𝑇,𝑖
𝑡ℎ𝑒𝑜𝑟𝑦[𝑘0; 𝛼𝑖])
2
+ 𝜆 ∑(Δ2𝛼𝑖)
2) (7) 
We find that a suitable starting guess is simply α(E) = 0.5 
and that it is useful to enforce piecewise linearity on the 
optimized solution with a large initial value of  = 106 and then 
re-optimize with a reduced value of   = 10. The optimization 
procedure is conveniently carried out using the generalised 
reduced gradient method for nonlinear programming available 
as part of the ‘Solver’ add-in of MSExcelTM 2013. 
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Figure 6. Variation of apparent transfer coefficient α(E) at Bi with with dc 
potential E. The data was obtained by the regularized least squares procedure 
defined by equations (5) and (7). The electrolyte contained 2 mM Ru(NH3)6Cl3 
in various concentrations of KCl(aq). The statistical uncertainties on each 
value of transfer coefficient are of order 1% or less. 
Fig. 6 shows the apparent transfer coefficients α(E) for the 
reduction of 2 mM Ru(NH3)6Cl3 in various concentrations of 
KCl(aq). We estimated the uncertainties on each value of i by 
repeating the minimization of equation (7) with values of RCT 
varying by uniformly distributed random quantities consistent 
with the 0.2% uncertainties estimated from the fit of the Randles 
circuit to the experimental data. The uncertainties on i 
computed in this way were very low <1% in all cases. This 
represents the precision of our estimates of α from the 
minimization and indicates that trends in α with potential E are 
sufficiently reliable to be analysed. Comparisons of different 
ionic strengths involve experiments in which the electrode is 
emersed from the solution between measurements and only 
qualitative differences are considered below because the 
variability in measurements of RCT was greater in those cases. 
The potential dependence α(E) is quite complex; in low 
ionic strength electrolytes, the transfer coefficient decreases as 
the potential becomes more negative, however at [KCl] higher 
than about 0.1 M it increases as the potential becomes more 
negative. This increase is also evident at low ionic strength at 
the most negative potentials. We suggest that the behaviour can 
be understood in terms of two competing factors: the Frumkin 
effect [27], which dominates at the lowest ionic strengths and the 
properties of the Bi/Bi2O3 film which are responsible for the 
increase in transfer coefficient at the most negative potentials. 
A potential-dependent transfer coefficient can arise in 
several ways. Simple applications of Marcus theory predict a 
linear dependence of α on E. However, double-layer effects 
(Frumkin correction, 2–effect or Ψ–effect) are clearly also 
potential-dependent and therefore appear as a variation in α with 
potential when the voltammetric data is analysed in the standard 
Butler-Volmer framework [28]. 
If 2 is the potential dropped between the outer Helmholtz 
plane and the bulk solution, then the corrected, kFC, and 
conventional, k0, standard rate constants are related by: 
𝑘0 = 𝑘𝐹𝐶𝑒
(𝛼−𝑧+)𝑓𝜑2 (8) 
Where z+ is the charge on the reactant. This can be 
absorbed into equation (4) by defining [28, 29]: 
𝛼(𝐸) = −
1
𝑓
𝜕𝑙𝑛𝑘
𝜕𝜂
= 𝛼′ − (𝛼′ − 𝑧+)
𝜕𝜙2
𝜕𝜂
 (9) 
where α' is a constant denoting a potential–independent 
part of the transfer coefficient and η is the overpotential. When 
the Gouy-Chapman-Stern model of the double layer applies, the 
variation of 2 with overpotential may be written:  
𝜕𝜙2
𝜕𝜂
=
𝑐𝐻
𝑐𝐻+𝑐𝐷𝐿
 (10) 
where cH and cDL are the differential capacitances of the 
compact and the diffuse layers. The Frumkin correction [27] 
assumes that the electron transfer occurs at a plane, often taken 
to be the outer Helmholtz plane, but several authors have 
considered how this is modified when account is taken of the 
possibility of tunnelling from distances further away from the 
electrode surface [30, 31, 32, 33, 34]. We have considered this 
possibility, but our data appears to be in the regime where the 
reactant accumulates weakly at the interface and the classical 
Frumkin correction applies [34]. Below we provide evidence for 
this from the ionic strength effect on the charge transfer 
resistance. 
The model could be easily modified to describe Bi 
electrodes covered with a thin, insulating oxide layer by 
including the differential capacitance of the oxide in series with 
the compact layer as part of cH. The diffuse layer effect on the 
apparent transfer coefficient is always positive in this model for 
reduction of a cation such as Ru(NH3)63+. The magnitude of the 
effect may increase or decrease with potential depending on 
whether the potential of zero charge is more positive or negative 
than the formal potential of the couple.
 
 
 
Figure 7. Effective differential capacitance at 1 kHz for a Bi electrode in 10 
mM NaCl(aq) against dc potential. 
A typical measurement of the potential-dependence of the 
differential capacitance of the Bi/KCl(aq) interface is shown in 
Fig. 7. The differential capacitance plotted is actually an effective 
value at the given frequency (−
1
𝜔𝑍′′
), because the interface 
shows constant phase element behaviour and is close to (n ≃ 
0.9) but not exactly described by a pure capacitor (n = 1). It is 
clear that the potential dependence of this effective differential 
capacitance is more complex than the Stern model, except over 
restricted potential ranges on either side of the peak near -0.6V. 
The potential of zero charge cannot be easily determined from 
the data. Instead values of charge transfer resistance can be 
used to estimate 2 in a relative sense from measurements of 
impedance spectra as a function of ionic strength. For example, 
if 2 is negative at the formal potential, the rate of reduction will 
increase at lower ionic strength because of accumulation of 
Ru(NH3)63+ at the interface and the charge transfer resistance 
will decrease at low ionic strength. Impedance spectroscopy is 
particularly advantageous for this purpose because the 
uncompensated resistance, which also varies with [KCl], is 
easily distinguished from the charge transfer resistance as a 
simple shift of the data along the real axis in the Nyquist plot. At 
a given dc potential the ratio of charge transfer resistance to the 
value at a chosen reference ionic strength is proportional to the 
change in 2 potential: 
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𝑙𝑛 (
𝑅𝐶𝑇
𝑅𝐶𝑇
0 ) = (𝑧+ − 𝛼)𝑓(𝜑2 − 𝜑2
0)  (11) 
Since the diffuse layer capacitance increases and the diffuse 
layer potential declines with ionic strength, we chose the 
reference value 𝜑2
0 to be that in an electrolyte of 2 mM 
Ru(NH3)6Cl3 + 0.2 M KCl(aq). 
 
 
Figure 8. Change in 2 potential estimated from the variation of charge 
transfer resistance at the formal potential with ionic strength according to 
equation (11). The data was obtained for a Bi electrode in 2 mM 
Ru(NH3)6Cl3(aq). The reference value 𝜑2
0 was chosen to be that in 0.2 M 
KCl(aq)). 
 
Fig. 8 shows our estimates of the change in 2 potential from a 
series of impedance spectra at the formal potential for 2 mM 
Ru(NH3)6Cl3 in various KCl concentrations. There is 
considerable scatter on the plot and one obvious outlier because 
the values are all only a few mV. However, it is also clear that 2 
is negative; there is a definite trend to lower RCT at lower ionic 
strength. This data suggests the potential of zero charge is more 
positive than the formal potential of -0.217V. This is unexpected 
for a bare Bi surface where much more negative potentials of 
zero charge have been reported [21]. However near the formal 
potential for Ru(NH3)63+, the Bi surface is covered with a thin 
oxide film. Ex-situ photoemission spectra show direct evidence 
for the oxide (Fig. 9a) and for the presence of adsorbed Cl- (Fig. 
9b). The Cl 2p binding energies of 198.5 eV (2p3/2) and 200.2 
eV (2p1/2) are assigned to the -1 oxidation state, i.e., chloride, 
and are consistent with the 2p3/2 data for NaCl (198.3eV) [35]. 
The Bi 4f binding energies of 159.4 eV (4f7/2) and 164.7 eV 
(4f5/2) are much closer to those observed for pure Bi2O3 and 
Bi2O3 films on Bi (160.1 eV, 165.4 eV) than they are to elemental 
Bi (156.9 eV, 162.2 eV) [36]. O1s spectra were also obtained, 
but there is considerable overlap between the signals for Bi2O3 
and H2O and the Bi 4f spectra shown provide more direct 
evidence of the presence of anodic oxide. Adsorbed Cl- anions 
explain the negative values of 2 and are consistent with the 
discussion of the impedance data at varying ionic strength. 
 
Figure 9. Ex-situ photoemission spectra of Bi electrodes emersed from 0.1 M 
NaCl(aq) electrolyte. (a) Bi 4f spectra and (b) Cl 2p spectra. 
 
Figure 10. Contribution (Δα) to the measured transfer coefficient α(E) (Fig. 6) 
arising from the reduction of the anodic film. The data was calculated 
according to equation (15) using the experimental differential capacitance of 
Fig. 7. 
 
Differential capacitance measurements in aqueous media show 
a complex behaviour for Bi (Fig. 7). The peak at about -0.6 V 
indicates a sudden change in the state of the Bi surface at more 
negative potentials which may be due to reduction of an oxide 
film and possibly desorption of adsorbed Cl-. The approximately 
potential–independent value of capacitance at strongly negative 
potentials is clearly substantially larger than that in the 
equivalent region of potentials positive of the differential 
capacitance peak; this is also consistent with the formation of a 
thin oxide layer at E > −0.6V. The standard potential of the 
Ru(NH3)63+ couple is much more positive than the peak in the 
differential capacitance data and therefore the slow electrode 
kinetics at Bi compared to Pt are simply explained by the 
presence of a tunnelling barrier in the form of a thin oxide film. 
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The film thickness may be estimated from the change in 
potential-independent capacitance on either side of the peak. 
Using a relative permittivity of 40 for the oxide film [37], we 
estimate a film thickness of about 1.5 nm. 
The increase in apparent transfer coefficient at the most 
negative potentials in Fig. 6 is more prominent at high ionic 
strength. We therefore suggest that it is not a diffuse-layer 
effect, but that its origin is related to the anodic film on the Bi 
electrode surface. The differential capacitance c of Bi electrodes 
in aqueous chloride presents a sharp peak at about -0.6V. On 
either side of the peak, c is much more weakly dependent on 
potential, but it is higher at negative potentials and lower at 
potentials positive of the peak. We interpret this change as the 
reduction of a thin anodic film; the potential at which it occurs is 
similar to previous reports of the reduction of anodic films on Bi 
[38, 39]. At potentials < −0.6V the electrode surface is elemental 
Bi, but at potentials > −0.6V the electrode is covered by an 
anodic film of thickness L which contributes an addition series 
capacitance per unit area of r0/L.  
The potential range of direct relevance to the electrode 
kinetics is positive of the capacitance peak, −0.4V < E < −0.1V. 
In this range the electrode is covered by a thin oxide film, but 
very close to the foot of the capacitance peak there is a small 
increase in capacitance which suggests incipient reduction of 
the oxide. We suggest that the rate of reduction of Ru(NH3)63+ is 
sensitive to the changing oxide thickness and that this causes 
an increase in the apparent transfer coefficient in this region as 
the oxide becomes thinner at more negative potentials. A crude 
model of the effect can be obtained by writing the electron 
transfer rate constant as a function of layer thickness L: 
𝑘 = 𝑘′𝑒−𝛽𝐿(𝜂) (12) 
where we do not explicitly include the term related to the 
potential dropped across the barrier because of the small 
potential range involved and because the potential of zero 
charge is not known. We also neglect possible band-bending 
effects on the grounds that the oxide thickness is very small. 
The contribution Δα to the apparent transfer coefficient is then 
obtained by differentiation. 
Δ𝛼 = − 
1
𝑓
𝜕𝑙𝑛𝑘
𝜕𝜂
 =  
𝛽
𝑓
𝜕𝐿
𝜕𝜂
  (13) 
If we treat the oxide as a uniform thin film capacitor in 
series with the Helmholtz capacitance,  
𝑐−1 =
𝐿(𝜂)
𝜀𝑟𝜀0
 + 𝑐𝐷𝐿
−1 + 𝑐𝐻
−1 (14) 
we obtain: 
Δ𝛼 = −
𝛽𝜀𝑟𝜀0
𝑓𝑐2
 
𝜕𝑐
 𝜕𝜂
 (15) 
where c is the overall differential capacitance of the 
interface and we have neglected the contribution from the 
potential dependence of the diffuse layer. Equation (15) can be 
applied to estimate roughly the effect of the film reduction on the 
apparent transfer coefficient using the experimental differential 
capacitance in Fig. 7. We take a typical order of magnitude 
value of the tunnelling constant,  = 10 nm-1. The result of this 
calculation is shown in Fig. 10 and is of the correct order of 
magnitude to explain the data of Fig. 6, however, in view of the 
various approximations involved, a more detailed analysis is 
inappropriate. 
 
 
Conclusions 
The electrode kinetics of the reduction of Ru(NH3)63+ at 
polycrystalline Bi electrodes in aqueous solution have been 
analysed by impedance spectroscopy. The rates are much 
reduced compared to Pt electrodes because of the presence of 
a thin oxide film at potentials in the vicinity of the formal potential 
of the couple. Nevertheless, the voltammetric behaviour is that 
of a chemically uncomplicated outer sphere electron transfer 
and impedance spectra were obtained over a range of dc 
potentials from -0.1 to about -0.35V and at electrolyte 
concentrations from 0.01M KCl to 0.5M KCl(aq). When 
allowance was made for the possibility of constant phase 
behaviour of the interface, the impedance spectra were all well-
fitted by the Randles equivalent circuit and charge transfer 
resistances as a function of dc potential and ionic strength could 
be obtained. A straightforward regularization procedure is 
demonstrated that allows the potential dependence of the 
apparent transfer coefficient to be obtained from plots of charge 
transfer resistance against dc potential without any assumption 
regarding the functional form of this dependence. This 
procedure may be generally useful for heterogeneous electrode 
kinetics investigations, because precise values of transfer 
coefficient (uncertainty 1% or better) are obtained as long as the 
electrode remains immersed in the electrolyte during the 
experiment. In the particular case of Ru(NH3)63+ reduction at Bi 
we interpret the potential dependence of the transfer coefficient 
in terms of two factors: (i) the well-known diffuse layer 
contribution arising from the Frumkin correction and (ii) the 
thinning of the tunnelling barrier due to reduction of the anodic 
oxide at negative potentials. 
Experimental Section 
Reagents. Bi powder (purity >99.999%) of particle size 150 μm 
was obtained from Goodfellow Cambridge Limited, England. 
Sodium chloride (NaCl) was obtained from Alfa Aesar, 
Lancaster, UK. AnaLAR grade ruthenium hexaammine 
trichloride (Ru(NH3)6Cl3), product of Strem Chemicals, 
Newburyport, USA was purchased from Sigma Aldrich, 
Gillingham, UK. Similarly, potassium chloride, KCl (≥99.5% 
purity) used as supporting electrolyte was obtained from Sigma 
Aldrich. Deionized water was obtained from a Barnstead 
NanopureTM purification train (model DH 931, Barnstead 
International, Dubuque, Iowa, USA) with nominal 18.2 MΩ cm 
resistivity. 
 
Construction of bismuth electrodes. A soda-lime glass capillary 
of length 13 cm, 6 mm diameter and 1.92 mm bore was sealed 
at one end in a blue flame. The cool capillary was then filled with 
pure bismuth powder to about 3 cm of the glass length through 
the open end by means of an injection needle. A copper wire of 
diameter 1.13 mm was inserted into the soda-lime glass and 
made to penetrate 1 cm into the bismuth powder. The powder 
was then melted under vacuum by heating the sealed end of the 
capillary tube as the open end was connected to a vacuum 
pump. The aim of melting under vacuum was to avoid oxidation 
of the bismuth, after which the glass was cooled to room 
temperature. The sealed end of the glass capillary was finally 
ground to provide a smooth surface and care taken to ensure 
that the copper wire was not exposed at the surface. The open 
end was glued with epoxy resin to prevent the copper wire from 
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becoming loose due to mechanical stress when the electrode 
was connected to an external circuit. 
 
Electrochemical measurements. Bi electrodes prepared as 
described above were used as working electrodes (WE). A 
platinum (Pt) disc was also used as WE for some experiments in 
which the voltammetry at Bi and Pt were compared. Pt wire was 
the counter electrode and the reference electrode was Ag/AgCl 
(1M KCl(aq)). The measurements were made using an Ivium 
Compactstat model e 1030 (±10 V / ±30 mA) (Ivium 
Technologies, The Netherlands) connected to a Dell Precision 
workstation. All the experiments were performed in a standard 
three-electrode cell containing 18–20 mL of sample solution. 
The electrochemical cell was purged with a stream of Ar for 
about 8 minutes prior to every experimental run to remove 
traces of oxygen that may otherwise interfere with the electrode 
reactions. After each experiment, the electrodes were polished 
with an aqueous slurry of 0.05 μm alumina powder (Banner 
Scientific Ltd Coventry, UK) spread over a Buehler microcloth 
surface and thereafter, rinsed with nanopure water. All the 
measurements reported were carried out at an ambient 
temperature of 20 oC. 
 
X-ray photoelectron spectroscopy. A Kratos Axis Ultra 165 
photoelectron spectrometer equipped with a monochromatic Al 
Kα X-ray excitation source (1486.7 eV) with an operating power 
of 150 W (15 kV, 10 mA) was used to collect photoemission 
spectra (NEXUS, Newcastle University). The chamber pressure 
was 3.2 × 10-9 Torr. The photoelectrons were filtered by a 
hemispherical analyzer and recorded by multichannel detectors. 
For the survey scan, the pass energy was 20 eV and the step 
size was 0.3 eV. Some higher resolution spectra were recorded 
with a pass energy of 5 eV and a step size of 0.1 eV. The 
binding energies obtained in the XPS analysis were calibrated 
using the lowest C1s component (284.6eV) as a reference. 
Spectral peaks were fitted using the WinSpec program 
developed by LISE laboratory, Universitaires Notre-Dame de la 
Paix, Namur, Belgium.  
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The standard rate constant for 
reduction of Ru(NH3)63+ at Bi 
electrodes in aqueous KCl is 1.47 ± 
0.44 x 10-3 cm s-1, which is slower 
than at Pt because of the anodic 
oxide. The transfer coefficient  was 
obtained by fitting a general 
regression model to the data that 
makes no assumption apart from 
piecewise linearity. The potential 
dependence (E) can be explained in 
terms of the Frumkin effect and 
variations in the oxide thickness. 
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